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Background: The effect of core excitations in transfer reactions of the form A(d, p)B has been reexamined by
some recent works, using the Faddeev/AGS reaction formalism. The effect was found to affect significantly the
calculated cross sections and to depend strongly and non-linearly on the incident deuteron energy.
Purpose: Our goal is to investigate these effects within a coupled-channels formulation of the scattering problem
which, in addition of being computationally less demanding than the Faddeev counterpart, may help shed some
light into the physical interpretation of the cited effects.
Method: We use an extended version of the continuum-discretized coupled-channels (CDCC) method with ex-
plicit inclusion of target excitations within a coupled-channels Born approximation (CDCC-BA) formulation of
the transfer transition amplitude. We compare the calculated transfer cross sections with those obtained with
an analogous calculation omitting the effect of target excitation. We consider also an adiabatic coupled channels
(ACC) method. Our working example is the 10Be(d,p)11Be reaction.
Results: We find that the two considered methods (CDCC-BA and ACC) reproduce fairly well the reported
energy dependence of the core excitation effect. The main deviation from the pure three-body model calculation
(i.e., omitting core excitations) is found to mostly originate from the destructive interference of the direct one-step
transfer, and the two-step transfer following target excitation.
Conclusions: The proposed method, namely, the combination of the CDCC method and the CCBA formalism,
provides a useful and accurate tool to analyse transfer reactions including explicitly, when needed, the effect of
target excitations and projectile breakup. The method could be useful for other transfer reactions induced by
weakly-bound projectiles, including halo nuclei.
I. INTRODUCTION
Transfer reactions have been used over the years
as spectroscopic tools for extracting spin-parity assign-
ments for nuclear states, spectroscopic strengths of
single-particle configurations, and asymptotic normaliza-
tion coefficients characterizing the tail of overlap func-
tions. Many analyses of transfer reactions resort to the
distorted-wave Born approximation (DWBA) method,
which can be regarded as the leading term of the Born ex-
pansion in terms of a transition potential, and assumes
that the reaction is dominated by the elastic channel.
The effect of non-elastic channels is assumed to be effec-
tively taken into account by the entrance channel optical
model potential describing elastic scattering. Further-
more, very often, this optical potential, which would be
angular-momentum dependent and non-local, is repre-
sented through a simple potential parametrization, for
instance, of Woods-Saxon form, containing central and
possibly, spin-orbit terms. This approach was early rec-
ognized to have severe limitations. First, it is not obvious
that the effect of non-elastic channels on the calculated
transfer cross sections is properly taken into account by
the entrance channel optical potential. Further, it is
well known that elastic scattering between heavy ions
is mostly sensitive to the nuclear surface, whereas the
transfer process is sensitive to small separations between
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the transferred particle and the respective cores to which
it is initially or finally bound. Thus, the approximated
three-body wave function used in DWBA, consisting of
a product of the elastic scattering optical potential wave
function times the projectile and target ground states
wave functions, is not necessarily accurate for the trans-
fer process.
To overcome these shortcomings, appropriate exten-
sions and alternative models have been proposed and
applied. These extensions tend to emphasize specific
aspects of the reaction dynamics. For example, when
collective excitations are relevant, these can be included
by means of a coupled-channels description of the en-
trance and/or exit channels. This is the coupled-channels
Born approximation (CCBA) [1? ? , 2]. For reac-
tions induced by weakly-bound nuclei, such as deuterons,
breakup channels are known to be important and must
therefore be taken into account. This has been done in a
number of ways. One of the most widespread approaches
is the adiabatic distorted wave approximation (ADWA)
method first proposed by Johnson and Soper [3] and later
improved by these and other authors [4, 5]. The ADWA
transition amplitude is formally identical to that appear-
ing in DWBA, allowing its implementation in standard
DWBA codes. The adiabatic model frequently provides
significant improvements over DWBA for A(d, p)B re-
actions. A more elaborated way of including the effect
of the breakup channels is by means of a continuum-
discretized coupled-channels (CDCC) expansion of the
d+A three-body wave function [6–9].
For (d, p) reactions on deformed targets, one may an-
ticipate that both projectile breakup and target excita-
2tion can play a role and may require their explicit in-
clusion. This is not possible in the standard formula-
tions of the aforementioned CCBA and ADWA methods,
which tend to emphasize one of the two mechanisms. An
exception is provided by the Faddeev formalism, which
has been recently extended to include collective excita-
tions of the fragments (globally referred to as core excita-
tions) [10, 11]. The core excitation effect was found to af-
fect the calculated transfer cross sections beyond the ex-
pected scaling of the cross section due to the correspond-
ing spectroscopic factors. The problem has been further
investigated in a recent work [12] for the 10Be(d,p)11Be
case, and the effect was found to strongly depend on the
deuteron incident energy as well as on the separation en-
ergy of the residual nucleus.
Since the analysis of transfer reactions is usually per-
formed within DWBA, ADWA and extended versions of
them (such as CCBA), an important question that arises
is whether these effects found in Faddeev calculations can
be also described within the former approaches or are
genuine to the Faddeev formulation. The clarification of
this question is one of the purposes of the present work.
For that, one must first notice that, within a coupled-
channels formulation of the transfer process, one may dis-
tinguish several sources of core excitation. First, the de-
formation on the n-A potential, which gives rise to core-
excited admixtures in the states of the composite nucleus
B. This is a structure effect, not related to the reaction
mechanism, and can be properly described through spec-
troscopic factors obtained from a structure model includ-
ing core excitation. Second, excitations of A (B) taking
place in the entrance (exit) channel, which are associ-
ated with the coupled-channels effects described above.
Finally, the effect of the deformation of the proton-target
potential appearing in the so-called remnant term of the
DWBA or CCBA transition operator. This latter effect
was already studied within an extended DWBA method
[13] and found to be very small for the 10Be(d,p)11Be re-
action. Thus, this term does not seem to be responsible
for the strong dynamical effects observed in the Faddeev
calculations.
In the present work, we aim at investigating the other
two effects within a unified framework. An essential in-
gredient of the present formalism is the use of an ex-
tended CDCC method, recently revisited in Ref. [14],
which provides a description of the d+A channel includ-
ing simultaneously the effect of deuteron breakup and
target excitation. This extended CDCC wave function
is used within a CCBA-like framework to calculate the
A(d, p)B stripping cross sections. The formalism will
be applied to the reaction 10Be(d,p)11Be, at different
deuteron energies, and the results compared with those
from Ref. [12].
The paper is organized as follows. In Sec. II we outline
the formal aspects of the proposed method. In Sec. III,
the formalism is applied to the reaction 10Be(d,p)11Be,
comparing with the same observables studied in Ref. [12]
with the Faddeev formalism, and with emphasis on the
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FIG. 1. (Color online) Pictorial representation of the
10Be(d,p)11Be reaction, highlighting the different paths con-
sidered in this work. The initial d+10Be system includes
breakup of the deuteron and excitation of 10Be coupled to
all orders. The transfer channel is then coupled in first order
to these channels, and four paths are distinguished: I (elastic
transfer), II (inelastic transfer), III (breakup transfer) and IV
(inelastic breakup transfer) (See text for details.)
role of target excitations. In Sec. IV, these same ob-
servables are compared with the much simpler adiabatic
approximation. In Sec. V we compare the three models,
namely, Faddeev, CCBA and adiabatic, for the absolute
transfer cross sections. Finally, in Sec. VI we summarize
the main results of this work.
II. THEORETICAL FRAMEWORK
Using the post-form representation, the transition ma-
trix for the process A(d, p)B can be written as
Tdp = 〈χ
(−)
p ΦB |Vpn + UpA − UpB|Ψ
(+)
d 〉, (1)
where Vpn, UpA are the proton-neutron and proton-target
interactions, UpB is an auxiliary (and, in principle, arbi-
trary) potential for the p-B system, ΦB is the internal
wave function of the residual nucleus B, χ
(−)
p is the wave-
function for the outgoing proton, distorted by potential
UpB, and Ψ
(+)
d is the total wave function corresponding
to an incident deuteron beam of kinetic energy Ed and
binding energy εd, and satisfies
[E + iǫ−H ]Ψ
(+)
d (~r,
~R, ξ) = iǫφd(~r)e
i ~K·~R (2)
with E = Ed − εd, ǫ → 0
+, ξ the internal coordinates of
A and H the effective Hamiltonian
H = Tˆr+Vpn+HA(ξ)+ TˆR+UpA(~rpA, ξ)+UnA(~rnA, ξ),
(3)
with Tˆr and TˆR the kinetic energy operators associated
with the proton-neutron and deuteron-target relative mo-
tions.
Ignoring antisymmetrization for clarity of the notation,
the wave function ΦB for a total angular momentum J
and projection M can be expanded in A states using the
3usual parentage decomposition
ΦJMB (~rnA, ξ) =
∑
I,l,j
[φlj(~rnA)⊗ Φ
I
A(ξ)]JM , (4)
where I is the spin of A, l and j the orbital and total
(~j = ~l + s) angular momentum of the valence particle
and φlj(~rnA) is a function describing the neutron-core
relative motion. The normalization
Slj =
∫
|φlj(~rnA)|
2d~rnA (5)
can be regarded as a spectroscopic factor for the config-
uration {l, j}.1
We note that our starting point differs from previous
few-body approaches [3, 5, 7, 8] in which possible ex-
citations of the target nucleus are only effectively taken
into account by means of the effective potentials UpA and
UnA. In the present work, the effective Hamiltonian (3)
retains the dependence of the target degrees of freedom
and hence its many-body nature.
To solve (2) we use the method recently followed in our
previous work [14], in which Ψ
(+)
d is approximated by a
CDCC wave function and, as such, expanded in a basis of
projectile (deuteron) and target (A) states. To make the
calculation numerically tractable, the deuteron contin-
uum is truncated in energy and angular momentum and
further discretized in energy bins and the target states
are restricted to the ground state and the first excited
state (assumed to have spins I = 0 and I = 2, respec-
tively). For clarity, we use an abbreviated notation omit-
ting angular momentum couplings. We refer the reader
to Ref. [14] for further details. This expansion reads
Ψ
(+)
d (~r,
~R, ξ) = φd(~r)Φ
0
A(ξ)χ
(+)
d,0 (
~R)
+ φd(~r)Φ
2
A(ξ)χ
(+)
d,2 (
~R)
+
∑
i
φipn(~r)Φ
0
A(ξ)χ
(+)
i,0 (
~R)
+
∑
i
φipn(~r)Φ
2
A(ξ)χ
(+)
i,2 (
~R) (6)
where {φd, φ
i
pn} denote the deuteron ground state and
(discretized) continuum states, and {χ
(+)
i,I (
~R)} the func-
tions describing the projectile-target relative motion with
the target in either its ground state (I = 0) or in the
excited state (I = 2), respectively. Therefore, the first
two terms of (6) describe, respectively, elastic and inelas-
tic scattering with the deuteron remaining in its ground
state. The third and fourth terms describe deuteron
breakup with respect to the target in its ground state
1 Strictly, the functions φlj and the spectroscopic factors Slj de-
pend in general on the core state I but, in the present case, this
quantum number can be readily inferred from the l, j values, so
it is omitted for brevity.
or first excited state, respectively. When inserted into
Eq. (1) this gives rise also to four terms,
Tdp = T
el
dp + T
inel
dp + T
elbu
dp + T
inbu
dp , (7)
which may be interpreted as (I) elastic transfer, i.e., di-
rect transfer from the deuteron ground state leaving the
target in its ground state, (II) inelastic transfer, i.e.,
target excitation followed by one-neutron transfer, (III)
elastic breakup transfer, i.e., deuteron breakup followed
by transfer, leaving the target in the ground state and
(IV) inelastic breakup transfer, i.e., deuteron breakup,
accompanied by target excitation, and followed by neu-
tron transfer.
Note that these four terms are to be added coher-
ently, giving rise to interference effects, as discussed be-
low. Note also that, in DWBA, only the first term (elas-
tic transfer) is explicitly taken into account. One of our
goals here is to study the contribution of the other terms.
The resultant transition amplitude obtained by inserting
the CDCC expansion into Eq. (1) will be referred to as
CDCC-BA approximation. We note that a similar ap-
proach has been recently used to study the (d, p) reaction
on 54Cr [9].
III. RESULTS
In this section we apply the aforementioned formalism
to the 10Be(d, p)11Be reaction at various deuteron ener-
gies. For our calculations, we follow a prescription as
close as possible to that of [12], using CH89 parametriza-
tion [15] for the potentials Vn10Be and Vp10Be, evaluated
at a neutron energy of Ed/2 and a proton energy corre-
sponding to the exit energy of the proton.
In principle, the potential UpA appearing in the transi-
tion operator of the transfer amplitude (1) should retain
its dependence on the ξ coordinates and would be non-
central, thereby permitting transitions between different
core (A) states, not present in the standard DWBA and
CCBA implementations. However, in our previous work
[13] we studied the effect of this core excitation mecha-
nism for the 10Be(d, p)11Be reaction and it was found to
be very small, so we will omit it in the calculations pre-
sented in this work, to avoid the formal and numerical
complications that it introduces.
The interaction Vpn has been chosen of a Gaussian
shape as in [16], while in [12], CD Bonn potential [17]
is used. However, in [12] it is mentioned that the use
of the Gaussian potential leads to differences within 2%,
so we expect this difference in potentials to be of little
relevance. The interaction Vp11Be is obtained from the
CH89 parametrization at the exit energy of the proton,
while in the Faddeev/AGS calculation all the dynamics
is generated from the two-body interactions. Finally, we
must indicate that in [12] a subtraction technique is ap-
plied to the n/p+10Be interactions to preserve the elastic
nucleon-core cross section [11]. Since this technique re-
4sults in non-local potentials, we have not applied it to our
calculations, where non-local potentials cannot be used.
The structure of the 11Be nucleus is treated within the
particle-rotor model of Ref. [18], which assumes a defor-
mation length of δ2 = 1.664 fm for
10Be and includes the
ground state (0+) and first excited state (2+) of this nu-
cleus. The potential parameters are adjusted to give the
experimental neutron separation energy (Sn = 0.5 MeV).
In this model, the 11Be ground state wave function can
be expressed as in Eq. (4)
Φ
1
2
M
B (~rnA, ξ) = [φ0, 1
2
(~rnA)⊗ Φ
0
A(ξ)] 1
2
M
+ [φ2, 5
2
(~rnA)⊗ Φ
2
A(ξ)] 1
2
M
+ [φ2, 3
2
(~rnA)⊗ Φ
2
A(ξ)] 1
2
M , (8)
with B and A denoting the 11Be and 10Be nuclei
and φlj(~rnA) the overlap functions between them, with
weights Slj=0.846, 0.130, 0.023 for the s1/2, d5/2 and
d3/2 components, respectively.
It must be noted that, in our formalism, the potential
for n-10Be is taken differently for the entrance and exit
channels. In the entrance channel, it is represented by
a complex optical potential (CH89) whereas in the exit
channel it is represented by a real potential used to gen-
erate the 11Be bound state. By contrast, in the Faddeev
formalism of Ref. [12], there is no separation between en-
trance and exit Hamiltonians but this interaction is taken
to be l-dependent; real, for the partial waves supporting
the 11Be bound states, and complex (CH89) for the other
waves.
To compare with the results of Ref. [12] we have com-
puted the ratio Rx defined as in that reference as
Rx =
1
SF
(
dσ
dΩ
)peak
def(
dσ
dΩ
)peak
no def
, (9)
where SF is the spectroscopic factor associated to the
10Be(0+) component in the structure model for 11Be
including deformation (in our case, SF = S0, 1
2
),
while (dσ/dΩ)
peak
is the differential cross section for
10Be(d, p)11Be transfer at its peak for the calculations in-
cluding deformation (as indicated in the previous section)
and excluding it, when corresponding. In the absence of
dynamical effects, Rx is expected to be 1.
The calculations have been performed discretizing the
deuteron continuum through a binning procedure [6] up
to the center of mass energy of the system, using 4-6
bins, evenly spaced in momentum space. Breakup states
with l = 0, 2 have been considered, since the inclusion
of l = 1, 3 led only to a modest modification of the cross
sections in test calculations at Ed = 20MeV and 60 MeV.
It has been found that the Rx factors are rather in-
sensitive to the discretization used, as long as the same
one is used in both the calculation including deforma-
tion and that excluding it. We also found that the Rx
factors achieved convergence within a few percent using
broader meshes and lower maximum deuteron excitation
energies than those required for the actual cross sections
to converge.
In Fig. 2, the factors Rx are presented as a function of
the deuteron laboratory energy. The green circles corre-
spond to the values obtained in [12] from the Faddeev cal-
culations. Three CDCC-BA calculations are presented.
As indicated in the previous section, in all of them all
d+10Be states are coupled to all orders (a scheme of the
process is depicted in Fig. 1), and the difference between
them lies on the couplings included for the transfer pro-
cess itself. The black circles (calculation 1) correspond
to the full calculation, which includes the four terms in
the transition matrix (7). This calculation reproduces
rather well the Faddeev results, particularly at the lower
deuteron energies, having a slight underestimation at the
larger deuteron energies.
As stated in the introduction, one of goals of this work
is to shed light on the origin of the deviation from unity of
the Rx factor. For that, we have performed further calcu-
lations, in which some of the transfer couplings are selec-
tively omitted. The results of these calculations are also
shown in Fig. 2. The red diamonds (calculation 2) cor-
respond to the calculation excluding transfer from states
where both deuteron and 10Be are excited (path IV in
Fig. 1), so that the transition matrix for the transfer
process is:
T
(2)
dp = T
el
dp + T
inel
dp + T
elbu
dp . (10)
This calculation gives similar values of Rx at the lower
incident energies, and a moderate increase of Rx at the
largest energies when compared to the full calculation,
although a significant reduction with respect to unity
persists. This clearly indicates that the transfer via the
p+n+10Be∗ channels, while not completely negligible, is
not responsible for the behaviour of the Rx factor.
Finally, the blue squares (calculation 3) correspond to
a calculation in which all states with 10Be in its excited
state are excluded from “feeding” the transfer channel
(i.e. excluding paths II and IV in Fig. 1), leading to the
transition matrix:
T
(3)
dp = T
el
dp + T
elbu
dp . (11)
This calculation deviates significantly from the previous
ones, givingRx factors close to 1, specially at higher ener-
gies. This may seem trivial, since blocking transfer from
states with 10Be in its excited state would be expected
to give the same cross section than the calculation with-
out deformation. However it must be noted that Ψ
(+)
d is
different in both calculations, since it includes coupling
to the excited state of 10Be in the calculation with de-
formation but it excludes it in the calculation without
deformation. Therefore, the factor Rx in calculation 3
would be expected to be senstitive to the modifications
in Ψ
(+)
d due to deformation, at least in the region that is
50 20 40 60 80
Ed (MeV)
0
0.2
0.4
0.6
0.8
1
R
x
CDCC-BA  (1)
CDCC-BA Excluding path IV (2)
CDCC-BA Excluding path II,IV (3)
Faddeev
FIG. 2. (Colour online) Rx factors (see text) for different
deuteron energies. The green circles correspond to the results
from Faddeev/AGS calculations [12]. In black circles the fac-
tors for the full CDCC-BA calculations are presented, while
the red diamonds correspond to calculations where T inbudp
(path IV from Fig. 1) is blocked and the blue squares cor-
respond to calculations where T ineldp and T
inbu
dp are blocked
(II and IV from Fig. 1). See text for details.
relevant for transfer. The fact that it is close to 1 sug-
gests that the effects of deformation on it are small in
this region. This interpretation seems to be consistent
with the fact that Rx for this calculation get closer to
1 at higher energy, where coupling effects in Ψ
(+)
d are
expected to be smaller.
In order to further clarify the effects of inelastic and
breakup channels on transfer, we show in Fig. 3 the an-
gular distribution of the transfer cross section at two
deuteron energies, Ed = 20 MeV (top) and 60 MeV (bot-
tom). In each panel, we show the full calculation (thick
solid black line) along with the calculations keeping only
one of the terms in Eq. (7). The red solid line corresponds
to T eldp (path I in Fig. 1), the blue solid only to T
inel
dp (II),
the red dashed only to T elbudp (III) and the blue dashed
only to T inbudp (IV). As before, for the d+
10Be partition
all channels are coupled to all orders, while the transfer
channel is coupled to first order. It can be seen that for
both energies the main contributor is the elastic transfer
T eldp , while, at small angles, for Ed = 20 MeV the second
main contributor is the breakup of the deuteron, T elbudp ,
whereas at 60 MeV it is the excitation of 10Be, T ineldp .
This seems to agree with the fact that Rx is smaller at
higher energies, since a greater effect of 10Be excitation
should lead to a reduced Rx.
In order to test this relation between Rx and the im-
portance of the inelastic path, we plot in Fig. 4, as a
function of incident energy, the ratio of the cross section
at the peak for the calculation where one of the trans-
fer paths was selected divided by the cross section at
the peak for the full calculation, containing all transfer
paths. As can be seen in the figure, path II, correspond-
ing to T ineldp gains relevance as energy increases, and we
0 20 40 60
10-4
10-3
10-2
10-1
100
101
102
dσ
/d
Ω
 
(m
b/s
r)
0 20 40 60
θ
c.m.
 (deg)
10-3
10-2
10-1
100
101
dσ
/d
Ω
 
(m
b/s
r)
Full
I: d+10Be(g.s.)
II: d+ 10Be*
III: d* + 10Be(g.s.)
IV: d* + 10Be*
Ed=20 MeV
Ed=60 MeV
FIG. 3. (Colour online) Differential transfer cross section for
Ed =20 MeV (top) and 60 MeV (bottom). All results cor-
respond to full CDCC calculations for the elastic channel,
while the transfer channel has been calculated through Born
approximation from all paths, and paths I, II, III and IV (see
Fig. 1) for the black solid, red solid, blue solid, red dashed
and blue dashed lines respectively. (See text)
note that the energies where its importance is higher are
those with lower Rx so a relation can be established, al-
beit qualitative, between the importance of the inelastic
path and the value of Rx.
At both energies shown in Fig. 3, simultaneous ex-
citation (i.e. deuteron breakup concurrent with target
excitation), T inbudp , is the least important component. It
must be noted nevertheless that, due to the interference
of the different transfer paths, the relevance of each chan-
nel cannot be directly inferred from the cross section
shown in Fig. 3. If this were the case, the small cross
section of the concurrent excitation T inbudp would lead to
a Rx factor for calculation 2 much closer to that of the
full calculation than what is actually obtained. Therefore
we may conclude that interference between the different
transfer paths is of relevance for these reduction factors.
The fact that calculation 3 gives reduction factors Rx
so close to 1, suggests that the main responsible for the
reduction in the full calculation (calculation 1) is the in-
terference between the transfer via 10Be(0+), that is, T eldp
and T elbudp , and that via the
10Be(2+) components, T ineldp
and T inbudp . To test this conclusion, we have reversed the
620 40 60 80
Ed (MeV)
10-6
10-4
10-2
100
dσ
/d
Ω
θ=
0/(
dσ
/d
Ω
θ=
0(f
ull
))
I: d + 10Be(g.s.)
II: d + 10Be*
III: d* + 10Be(g.s.)
IV: d* + 10Be*
FIG. 4. (Colour online) Ratio between cross sections at the
peak as a function of the deuteron incident energy. For each
energy the ratio is between the calculation where one of the
transfer paths is selected (as in Fig. 3) and the full calculation.
As can be seen, path II, corresponding to the inelastic excita-
tion of 10Be, gains importance with increasing energy so that
at the higher energies, where the Rx factors are smaller, it is
of the same magnitude as path III, corresponding to deuteron
breakup.
sign of the 10Be(2+) components of the 11Be g.s. wave
function, Eq. (8), and computed the reduction factors
once again. The result of this calculation is shown in
Fig. 5 in black solid triangles, along with the result of
the original full calculation, in black solid circles and
that of calculation 3, which corresponds to neglecting
the 10Be(2+) components, in black solid squares. We find
that reversing the sign of the 10Be(2+) components gives
Rx greater than 1 which show a reversed tendency from
that obtained for the original calculation. This confirms
that the origin of the reduction of the cross section lies in
the destructive interference of the transfer to components
of 11Be with 10Be in its ground or excited states, and that
their relative sign is critical to describe its behaviour.
The fact that both Faddeev and CDCC-BA calcula-
tions give similar results for Rx suggests that these fac-
tors are not very sensitive to the formalism used for the
description of the reaction. Therefore, in the following
section we apply a simpler adiabatic formalism to the
same reaction and analyse the obtained reduction factors
Rx.
IV. COMPARISON WITH THE ADIABATIC
MODEL
The results of the preceding section indicate that
the departure of the calculations with deformation from
those without it is mainly due to the inelastic transfer
mechanism, i.e., the two-step transfer taking place via
the target excited state (path II in Fig. 1). This does
not mean that breakup channels are not important, since
they are essential to give a correct description of the elas-
tic scattering. This result suggests that, insofar as the
20 40 60 80
Ed (MeV)
0
0.5
1
1.5
2
R
x
Full
Reversed <11Be|10Be(2+)> sign
<
11Be|10Be(2+)>=0
Solid symbols: CDCC-BA
Open symbols: ACC
FIG. 5. (Colour online) Rx ratio, as defined in Eq. (9). The
black solid symbols correspond to calculations using a CDCC-
BA formalism while the red empty ones are obtained from
a coupled-channel adiabatic calculation (ACC). The circles,
squares and triangles refer to the full calculations, the calcu-
lations where the transfer from 10Be(2+) has been blocked,
and the calculations where the sign of the overlaps involving
10Be(2+) has been reversed, respectively (see text).
transfer cross section is concerned, one might resort to
a simpler procedure in which target excitation is treated
explicitly, whereas breakup channels are accounted for
effectively. This can be suitably done within the adia-
batic approximation. Although the original formulation
of this method [3–5], usually referred to as adiabatic dis-
torted wave approximation (ADWA), does not include
explicitly the effect of target excitation, the model can
be generalized to accommodate this effect. As in the
extended CDCC method, the extended adiabatic model
can be derived from the generalized Hamiltonian (3) us-
ing the same procedure of Refs. [5, 19]. The three-body
wave function is then expanded in aWeinberg basis [5, 19]
whose leading term gives rise to the following approxi-
mate three-body wave function:
ΨADd (~r, ~R, ξ) = φd(~r)[Φ
0
A(ξ)χ
AD
0 (~R) + Φ
2
A(ξ)χ
AD
2 (~R)],
(12)
where {χAD0 (
~R), χAD2 (
~R)} are solutions of a set of coupled
equations with a deformed adiabatic deuteron-target po-
tential. This has been done in the finite-range approxi-
mation [20] but we resort here to the simpler zero-range
approximation. In this limit, the deformed adiabatic po-
tential results
UAD(~R, ξ) = V AD0 (~R)− δλYλ,0(ξ)Yλ,0(~R)
dV AD0 (~R)
dR
,
(13)
with
V AD0 (~R) = U
0
pA(~R, ξ) + U
0
nA(~R, ξ), (14)
which is nothing but the generalization of the Johnson
and Soper prescription [3] for deformed nucleon-nucleus
potentials and where U0p(n)A indicate the central part
of the proton (neutron)-target potential. The method
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FIG. 6. (Colour online) Differential cross section angular dis-
tributions at Ed=20 MeV (top) and Ed=80 MeV (bottom)
for the 10Be(d, p)11Be calculated with the Faddeev/AGS [12],
CDCC-BA and ADWA formalisms.
has been referred to before as adiabatic coupled channels
(ACC) method [20].
We have computed the quantity Rx, starting from the
definition (9), but using now for the numerator and de-
nominator the ACC and ADWA methods, respectively.
The results are shown in Fig. 5 (open circles). The agree-
ment with the CDCC-BA results (solid circles) is remark-
ably good, confirming that core excitation effects are well
accounted for by the much simpler adiabatic model. To
further delineate the role played by the target excited
state in the stripping process, we include also the calcu-
lations in which the transfer via the excited state (path
II) is omitted and those in which the sign of the l = 2
components [φ2, 5
2
and φ2, 3
2
in Eq. (8)] are reversed (open
squares and open triangles, respectively). Again, the
agreement with the CDCC-BA results (solid symbols)
is very good.
V. COMPARISON OF ABSOLUTE CROSS
SECTIONS
In the previous sections, we have found that both the
CDCC-BA and ACC methods successfully describe the
behaviour of the Rx ratio as a function of the deuteron
energy, as compared to the more sophisticated Fad-
deev/AGS calculations. Despite these encouraging re-
sults, previous benchmark calculations have evidenced
limitations of the CDCC and adiabatic approaches in
the reproduction of the Faddeev absolute cross sections
[21, 22]. In particular, for transfer reactions, it was found
that the agreement tended to deteriorate with increasing
incident energies [22]. We have compared these three
reaction models in presence of core excitations. This
comparison is shown in Fig. 6 for two deuteron energies,
Ed = 20 MeV (upper panel) and Ed = 80 MeV (bot-
tom panel). At Ed = 20 MeV, both the CDCC-BA and
ACC formalisms reproduce very well the Faddeev result,
with the CDCC-BA model providing a somewhat bet-
ter agreement close to zero degrees. At Ed = 80 MeV,
the agreement is deteriorated, with both the CDCC-BA
and ACC overestimating the small-angle cross sections.
Further, the ACC curve underpredicts the maximum at
30◦. Interestingly, these results are qualitatively similar
to those found in [22] for the undeformed case. In par-
ticular, the agreement between the formalisms at smaller
deuteron energies is to be highlighted. In [23] it was
found that a similar disagreement between CDCC and
Faddeev calculations for breakup observables was sub-
stantially improved when including closed channels in the
CDCC calculation. Due to computational difficulties, a
similar study was not possible in this work. However,
since our main quantities of interest, the reduction fac-
tors Rx, give a good agreement for the three considered
formalisms and show reasonable convergence in the cal-
culations performed, we consider these considerations to
be beyond the scope of this work.
VI. SUMMARY AND CONCLUSIONS
To summarize, we have studied the role of target ex-
citations in A(d, p)B reactions, taking as a test case the
10Be(d,p)11Be reaction. For that, we have considered two
different reaction formalisms which incorporate the effect
of deuteron breakup and target excitation.
The first method (CDCC-BA), which has been devel-
oped in this work, describes the d + A system using a
generalized CDCC wave function, which treats deuteron
breakup and target excitation to all orders and transfer
in Born approximation. The model includes, in addition
to the direct transfer coming directly from the projectile
and target ground states, the multi-step transfer through
the deuteron continuum states as well as from the target
excited state, so it permits the study of the role played
by each of these paths in the calculated stripping cross
sections. The second method (ACC) is a coupled-channel
version of the zero-range adiabatic model of Johnson and
Soper [3]. It considers also explicitly the transfer via the
target ground and excited states, but it treats the effect
of breakup only effectively, within an adiabatic approxi-
mation.
Following a previous work [12], we have studied the
ratio (Rx) of the calculated transfer cross sections evalu-
ated with and without deformation at the transfer peak.
8We have found that both the CDCC-BA and ACC meth-
ods are able to reproduce very well this ratio and its en-
ergy dependence, when compared to Faddeev/AGS cal-
culations. The deviation of Rx from unity is found to
stem mostly from the interference of the elastic and in-
elastic transfer amplitudes. Moreover, this ratio is weakly
affected by the transfer via the deuteron breakup states,
so that their effect seems to be rather well simulated by
the adiabatic three-body wave function. At larger an-
gles and for high incident energies, the effect of breakup
channels becomes more significant.
The comparison of the absolute cross sections is qual-
itatively similar to that previously observed in previous
benchmark calculations without core excitation, namely,
at small deuteron energies, both the CDCC-BA and ACC
methods reproduce rather well the Faddeev results, but
the agreement worsens at incident energies of several tens
of MeV and above. Theoretical works oriented to better
understand the origin of these limitations and envisage
possible improvements, both with and without core ex-
citation effects, are of major relevance to reliably apply
these methods to the analysis of transfer reactions.
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